We have carried out a comprehensive investigation of magnetic properties of LuFe2O4, using AC susceptibility, DC magnetization and specific heat. A magnetic phase transition around ∼236 K was observed with DC magnetization and specific heat measurements, which is identified as a paramagnetic to ferrimagnetic transition based on the nonlinear susceptibility data. Upon further cooling below this temperature, we also observed highly relaxational magnetic behavior: the DC magnetization exhibits history and time dependence, and the real and imaginary part of the AC susceptibility shows large frequency dependence. Dynamic scaling of the AC susceptibility data suggests that this low temperature phase can be described as a reentrant spin glass phase. We also discuss magnetic field dependence of the spin glass transition and aging, memory and rejuvenation effect below the glass transition temperature around 228 K.
I. INTRODUCTION
Geometrical frustration plays an important role in determining ground states and phase transitions in magnetic systems. A triangular lattice in two-dimension in particular is one of the simplest systems to study the effect of geometrical frustration. LuFe 2 O 4 is a member of RFe 2 O 4 family of compounds, where R can be Y, Ho, Er, Tm, Yb, and Lu.
1 These materials all have hexagonal layered structure, in which Fe ions form a triangular lattice within each bilayer. 2 Since the average charge valence of Fe in this compound is +2.5, this system is expected to exhibit charge order behavior similar to Fe 3 O 4 3,4 or half doped manganites. 5 However, due to the geometrical frustration introduced by the triangular lattice, understanding charge order in this material is not straightforward. 6 Previous electron and x-ray diffraction studies have shown that charge ordering sets in below ∼ 300K, and anomalous dielectric dispersion was observed in this temperature range. 6, 7 In particular, Ikeda and coworkers argued that the observed pyroelectric signal below charge ordering temperature indicates charge order driven ferroelectricity. 7 This result has been drawing much attention, 8, 9 since this would be the first such observation of ferroelectricity with electronic origin. In addition, it was observed that the pyroelectric signal shows an unusual step around the spin ordering temperature, and a large magnetodielectric response under low magnetic fields was also observed in LuFe 2 O 4 at room temperature, 10 which prompted further interests in this compound as a possible multiferroic (or magnetic ferroelectric) material.
Although whether the magnetic and ferroelectric order parameters are coupled in LuFe 2 O 4 is not clear at the moment, LuFe 2 O 4 exhibits quite interesting magnetic properties, as a result of the geometrical frustration arising from the triangular lattice. Most of earlier studies of the magnetism in RFe 2 O 4 have been focused on YFe 2 O 4 . Tanaka et al. first reported that Fe spins order below 220 K based on their Mössbauer experiments. 11 In their studies of transport properties, they also observed that there are two distinct transitions at 240 K and 225 K, and the former corresponds to Verwey-like charge ordering accompanied by magnetic ordering. 12 This was corroborated in the x-ray study of Nakagawa and coworkers, in which first order structural phase transitions were observed around these temperatures. 13 Recently, Ikeda et al. reported that more than two transitions exist in YFe 2 O 4 based on their x-ray powder diffraction studies.
14 They also argued that the transition at 250 K corresponds to charge and spin ordering.
However, it was also realized that the oxygen nonstoichiometry in YFe 2 O 4 can cause significant changes in its magnetic properties, while LuFe 2 O 4 is believed to be free from such oxygen non-stoichiometry problems.
15
In their comprehensive magnetization and neutron scattering work on LuFe 2 O 4 , Iida and coworkers were able to elucidate unusual magnetic properties of this compound. 16 Specifically, they found that the system does not show any long range three-dimensional magnetic order down to 4.2 K. Instead, they argued that the system at low temperatures consists of ferrimagnetic clusters of various sizes, based on their thermoremanent magnetization measurements. The ferrimagnetism in this case arises due to the mixture of S=2 and S=5/2 spins. In recent neutron scattering experiments, however, sharp magnetic Bragg peaks were observed, suggesting existence of long-range magnetic order. 17, 18 Therefore, the nature of the ground state of LFO is still not understood well.
In this paper, we report our comprehensive study of magnetic properties of LuFe 2 O 4 using AC susceptibility, DC magnetization and specific heat. We have observed two magnetic transitions: The high temperature transition occurs at ∼236K, and corresponds to the previously observed ferrimagnetic transition. 16, 17 The signature of this transition is also observed in our specific heat measurements. In addition to this ferrimagnetic transition, we observe an unusual magnetic transition at a lower temperature, which shows relaxational behavior similar to that of a spin-glass phase. This paper is organized as follows. In the next section, we will explain our sample preparation and characterization in detail. In Sec. III , our experimental results from magnetic susceptibility and specific heat measurements are presented. In Sec. IV, we will discuss the implication of the observed results, and possible connection with the charge order and ferroelectricity.
II. EXPERIMENTAL DETAILS
LuFe 2 O 4 (LFO) single crystals were grown using the travelling solvent floating zone method at Brookhaven National Laboratory following the method reported in Ref 19 . Our experiments were done using the crystals from the same batch without any special annealing procedure. The chemical composition of one of the crystals was examined with electron probe microanalysis (EPMA)with beam size less than 1 micron. The Lu/Fe ratio was analyzed at 25 randomly selected points on the sample surface. The average Lu/Fe ratio was 1.98±0.02, and the mean deviation from the average value was less than 1%. This result shows that the Lu and Fe is homogeneously distributed with almost stoichiometric ratio. The oxygen contents of two other pieces were studied using X-ray photoemission spectroscopy (XPS), revealing that the oxygen content in one sample was higher than the other sample, suggesting that there is a small but finite oxygen non-stoichiometry issue in LuFe 2 O 4 . It turns out that the magnetic and structural properties of LuFe 2 O 4−δ depends very sensitively on the oxygen stoichiometry. Detailed study of phase diagram is still in progress, but we made sure that all the samples studied in this work show the same magnetic properties. This ensures that the variation of δ among the samples studied here is very small. The largest piece with a shape of a rectangular parallelepiped (3× 3 × 1 mm) was used in our magnetization studies. DC magnetization and AC susceptibility measurements were done using Quantum Design MPMS SQUID magnetometer. Specific heat measurements on the same sample were carried out using thermal relaxation method on Quantum Design PPMS. 
III. EXPERIMENTAL RESULTS

A. DC magnetization
In Fig. 1(a) , we show the temperature dependence of the thermo-magnetization of LuFe 2 O 4 obtained with 10 Oe field applied parallel to the crystallographic c axis which is perpendicular to the hexagonal planes. A sharp peak appears in the magnetization curve at a temperature of ∼ 236K, below which the field-cooled (FC) data begin to diverge from the zero-field-cooled (ZFC) data. In Fig. 1 (b) , thermo-magnetization obtained in a field perpendicular to the c axis is shown. Note that the magnetization in this direction is 2 orders of magnitude smaller than that shown in panel (a). This small magnetization can be entirely accounted for by the possible sample misalignment with respect to the field direction. This also illustrates that the easy axis is along the c-axis, and the Ising anisotropy is very large. The non-zero ZFC magnetization at low temperature in this case is probably due to the small residual field in the magnetometer. Figure 2 shows the temperature dependence of the specific heat, C(T ), of the same sample used in the magnetization study. One can identify two features in this curve. The high temperature feature above 300K is rela- tively broad and has maximum at ∼ 330K. This feature is probably related to the 3D charge order observed in previous electron and x-ray diffraction studies. 6 The low temperature peak emerges below ∼250K and has a cusp at ∼237K. The peak position of this low temperature feature is very close to the peak in magnetic susceptibility, suggesting that this feature is related to the magnetic phase transition.
B. Specific Heat
C. AC susceptibility Figure 3 shows the real and imaginary part of the AC susceptibility as a function of temperature. The different curves correspond to different driving frequencies of the AC field. The amplitude of AC field was kept constant at h ac =1 Oe. A well-defined peak is observed for the real part of the susceptibility χ ′ at 236 K and the low-temperature tail of this peak decreases with increasing frequency. The imaginary part of the susceptibility, χ ′′ , appears below ∼ 240 K, and consists of two peaks. The high temperature component, appearing as a shoulder, is located at ∼ 237 K and grows as frequency increases, while the peak position remains the same. On the other hand, the low temperature peak grows and shifts to higher temperature with increasing frequency. Such a behavior is commonly observed in spin glass systems.
For a spin glass system, with decreasing temperature the spin dynamics become sluggish, so that it takes longer time for a spin to relax, and the maximum relaxation time increases accordingly. When an external AC magnetic field with a driving frequency ω/2π is applied to a spin glass system, if the maximum relaxation time τ max is longer than ω/2π, the system will not be able to keep up with the oscillating field and become out of equilibrium. Therefore, one can define the freezing temperature, T f , as the temperature, at which τ max = 2π/ω. As a result, T f is a function of driving frequency ω. Experi- 
FIG. 4:
The dynamic scaling of the reduced temperature vs τmax(T f ) = 2π/ω in a log-log scale for sample A. The solid line is Eq. 1 with zν = 6.6, τ0 = 1 × 10 −13 s and Tg = 228.5 K mentally T f (ω) can be determined either from the maximum of χ ′ (ω) or from the inflection point of χ ′′ (ω).
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Since the maximum of χ ′ is difficult to identify due to the second peak located at 236K, we use the inflection point of χ ′′ (ω) to determine T f . The maximum relaxation time and T f (ω) can be modeled with conventional critical slowing down
where T g is the spin-glass transition temperature, z is the dynamical exponent, ν is the usual critical exponent for the correlation length and τ 0 is the microscopic flipping time of the fluctuating spins. The scaling of the AC susceptibility is shown in Fig. 4 , and the best fit to Eq. (1) yields T g = 228.5 ± 0.5 K, zν = 6.6 ± 1.1 and τ 0 = 10 −13.0±1.6 s. The value of τ 0 is very close to the microscopic spin flip time ∼ 10 −13 seconds in other spin glass systems. 21, 23 The value of zν is within the range of well-known spin-glasses such as CuMn(4.6 at.%) (zν=5.5) 24 and CdCr 2 (In)S 4 (zν = 7). 25 This value of zν is also close to the value obtained from numerical simulations in three-dimensional (3D) Ising spin glasses. 26, 27, 28 This scaling analysis indicates that the low temperature phase is quite possibly a spin-glass phase. Thus, taken together with the heat capacity and the susceptibility data, LFO seems to undergo a continuous phase transition from a Curie paramagnetic phase to ferrimagnetically ordered phase at ∼ 236K and then to a reentrant spin-glass phase below 228K. Figure 5 shows the magnetization (M) versus field (H) curves at different temperatures after cooling under a 200 Oe magnetic field. At low temperatures, since the zerofield magnetization is non-zero, there is thermal remanent magnetization (TRM), which almost vanishes above ∼232K. At high temperatures, there is no TRM and the slope of the M vs H curve is largely determined by linear susceptibility, which shows maximum at 236 K (see Fig. 1 ). At low temperatures, the magnetization initially shows negative slope due to the relaxational behavior of spin-glass phase.
D. Nonlinear susceptibility
Nonlinear susceptibility is a valuable tool to study the critical behavior of a magnetic phase transition. In particular, the spin-glass susceptibility is believed to be directly proportional to the non-linear susceptibility.
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If a system undergoes a SG phase transition, the magnetization M can be expanded by odd order of H.
The data in Fig. 5 (above 50 Oe) were fitted using Eq. (2)
β , best fits are obtained with T g = 229 K and β = 1.0 ± 0.2, as shown by the solid line in Fig. 6(a) . This critical exponent β is consistent with that of canonical spin-glass systems.
32,33 The linear susceptibility peak in a 1 at ∼236K (Fig. 6(b) ) was also observed in DC magnetization and heat capacity, and this indicates the existence of a magnetic phase transition at T c ≈ 236K. If we fit the linear susceptibility for T > T c to a 1 ∼ (T −T c ) −γ , γ = 1.4±0.3 is obtained, and the fitting result is plotted as the solid line in Fig. 6(b) . As temperature is lowered, the third order nonlinear susceptibility a 3 shows a negative minimum at 236K, and then it abruptly changes sign at 234K and then show a broad positive peak at ∼230K. This behavior is reminiscent of the recent observation that a 3 near a ferromagnetic transition diverges negatively and positively as T c is approached from above and below, respectively.
34 Therefore our observation of the zero-crossing of a 3 around 234K seems to suggest that this high temperature magnetic transition is described as ferrimagnetic (FM) transition. This assignment is also consistent with earlier studies. 16 The behavior of a 3 around 230K, however, is quite unusual for a spin-glass system. It was observed that the nonlinear susceptibility (a 3 ) is negative with a cusp at the paramagnet to spin glass transition in Ref. 25 and 30. We observe broad positive peak around T g , which may be due to the reentrant nature of the spin-glass phase in LFO. In fact, similarly unusual behavior have been observed in other reentrant spin-glass systems. 35, 36 Our nonlinear susceptibility data also supports the phase diagram suggested by AC susceptibility data.
E. Non-equilibrium phenomena
Although spins are considered "frozen" in the spin glass phase, due to the slow dynamics, the system simply does not reach the equilibrium state within the experimental time scale. As a result, the spin glass system exhibits non-equilibrium phenomena. One such example is aging. When a spin-glass system is cooled below T g , the spin-glass domain grows. Since this domain growth occurs logarithmically in time, it is customary to define the relaxation rate S ≡ (1/H)∂M/∂ log(t). 37 In Fig. 7 , we show our data for S(t) as a function of log(t). Note that the sample was cooled down to 0.87T g ∼ 200 K in the absence of magnetic field. After waiting for a certain time (t w =1000s, 5000s and 10000s) without external field, the magnetization was recorded as a function of time after a 10 Oe magnetic field was applied. As can been seen from the figure, t at which the maximum relaxation rate occurs increases with increasing t w , and in fact it is almost equal to t w . This kind of aging behavior illustrates non-equilibrium dynamics of domain growth, and has been observed in other spin glass systems.
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Another interesting example of non-equilibrium dynamics of spin-glass system is the so-called memory effect. In order to show this effect, we have measured temperature dependence of M (T ) in two distinct routes. The first, M ref , was obtained by cooling in 10 Oe magnetic field from 300 K down to 50 K at a constant cooling rate of 2 K/min and then heating back continuously at the same rate. In the second route, M was recorded on cooling in 10 Oe at the same rate from 300 K to 50 K with two halts at T 1 = 160 K for 72000 s and at T 2 = 200 K for 48000 s. During the halts, the external field is turned off to let the magnetization relax. After each halt, M shows a clear deviation from the reference as illustrated in Fig. 8 , due to aging. After reaching 50 K, the sample temperature is increased continuously at 2 K/min rate in H = 10 Oe. During the reheating, the system exhibits a step-like feature at both T 1 and T 2 . The jump at T 1 is not very pronounced, but clear jump in M (T ) around T 2 is clearly visible. This suggests that the system somehow remembers the history of halts during cooling. Exceeding the halt points, M recovers to the reference value and the system is called rejuvenated. Such aging, memory and rejuvenation behavior was observed in other spin glass systems as well. 23, 39, 40 These observations also suggest that the low temperature phase of LFO is consistently described as a spin-glass. 
F. Magnetic field dependence
In Fig. 9 , AC susceptibility at 10 Hz driving frequency is plotted as a function of temperature for different external static magnetic fields H. As can be seen in the figure, χ ′ is suppressed by the magnetic field. As the field increases, the main peak of χ ′ decreases and a doublepeak feature emerges. The ferrimagnetic phase transition temperature determined from specific heat and nonlinear susceptibility (∼236 K) is quite close to the position of the high temperature peak in χ ′ , which slightly increases with increasing field. The low temperature peaks in χ ′ and χ ′′ correspond to the spin-glass transition. As the field increases, the low temperature peak in χ ′ decreases and finally disappears under ∼ 1 T (as shown in the inset). The peak in χ ′′ also shifts to lower temperature with increasing field. Under very high external field (above 1 T), the spin-glass transition seems to be completely suppressed. Figure 10 shows the field versus temperature phase diagram. Due to the large uncertainties associated with determining transition temperature of two nearby phase transitions, the error bars at low field is relatively large. However, the field dependence of the PM-FM transition is very weak in this region, while it is clear that the transition temperature gradually increases with increasing field at high field. The spin-glass transition temperature also exhibits substantial field dependence. The SG-FM transition temperature is suppressed rapidly as a small field is applied. In addition, a threshold field h 0 (ω) ∼ 200 Oe is observed, below which T g does not show a systematic change with the change of the field. According to the mean field theory, there exists a phase boundary in H − T phase diagram called de Almeida-Thouless (AT) line, 41 whereby a spin-glass phase can only exist under this boundary (in the low field region). The AT line is given by
Here H is the external magnetic field and T g (H) is the field-dependent glass transition temperature. 42 Our data fits this relation very well as shown in Fig. 10 , in which a linear relationship between T g and H 2/3 is clearly illustrated.
IV. DISCUSSION
We have presented a variety of experimental evidences showing that the LFO sample goes through re-entrant spin glass transition around 228 K. However, this observation is quite puzzling in several aspects. The first is the microscopic origin of the spin-glass behavior. Conventionally, disordered spin arrangements or interactions (random site or random bond) are necessary to produce magnetic frustration required for spin-glass behavior. However, this system, LFO, is considered highly stoichiometric, and in addition, there exists charge ordering below 300 K, which implies that the arrangement of Fe
2+
and Fe 3+ spins are regular. Therefore, this system seems to possess only geometrical frustration as a necessary ingredient for spin glass behavior. Unless spin-glass behavior can arise from pure geometrical frustration, one must find the missing "disorder" in this system to explain the observed spin-glass behavior.
Before discussing the disorder effect in this system, it is useful to examine magnetic interactions present. However, since this compound is insulating at all temperatures, such "extra" electron cannot be mobile, but presumably resides in a resonance state between the two neighboring Fe ions. One of the important degrees of freedom in this system, often overlooked, is the orbital degrees of freedom. Since the Fe ions all have trigonal bipyramidal crystal field environment, the 3d orbitals will split into three levels. The highest energy level will be d z 2 , and there will be two doubly degenerate orbitals ( Such bond dimerization will break the orbital degeneracy, and make the dimer spins form a highly frustrated Kagome lattice, which may be responsible for the observed spin glass behavior. Further structural investigation of this system is required to address this conjecture.
Another important issue is the oxygen nonstoichiometry. If there exists oxygen non-stoichiometry, this will necessarily affect the ratio of Fe 2+ and Fe
3+
spins, leading to disorder in charge order, and possibly disorder in the exchange interactions. In fact, our preliminary studies suggest that the oxygen contents seem to change magnetic properties quite dramatically, possibly explaining different magnetic behavior of LuFe 2 O 4 compounds reported in the literature.
Another possibility is the charge-ordering model itself. If the charge ordering at 300 K is not of secondorder kind, and has some relaxational component, such as charge glass type ordering, then this will naturally affect the spin ordering part. For example, one can imagine charge-ordered domains exhibiting relaxor type behavior and influence dielectric and magnetic behavior at lower temperatures. Our preliminary x-ray scattering experiments also suggest that the charge ordering in this system is quite complicated and has nontrivial temperature dependence.
Another surprising aspect of the spin-glass transition is its large temperature scale. Almost all known spinglass systems occur at low temperatures. This is due to the fact that the lower critical dimension of the spin glass transition is believed to be between 2 and 3. Since a 3D SG system is very close to the lower critical dimension, its ordering temperature is very close to absolute zero. In that sense this observation of spin glass behavior at temperatures above 200 K is not only unusual, but very surprising for a quasi 2D system. Again, if the glassy nature of the system arises from the charge sector, this may provide a natural explanation.
V. SUMMARY
The magnetic properties of LuFe 2 O 4 single crystals were investigated with DC magnetization and AC susceptibility. Based on the dynamic scaling of AC susceptibility and the behavior of non-linear susceptibility, it is suggested that LuFe 2 O 4 goes through first a ferrimagnetic ordering at 236 K, and then subsequently goes through a reentrant spin-glass transition at ∼ 228.5 K. Typical properties of spin glass system, such as aging, memory, and rejuvenation have been also observed in this low temperature phase. The field dependence of the spin glass transition temperature is described well by the well-known de Almeida-Thouless theory. It was also observed that the ferrimagnetic transition temperature shows quite sizable field dependence. In order to understand the origin of the spin glass behavior in this compound, possibilities based on the frustration, oxygen non-stoichiometry, and glassy charge ordering have been discussed.
